ABSTRACT-Cultures of thc marine diatom C}~clotella sp. were subjected to vanous polychromatic exposures of UVB radiation (280-320 nm), UVA radiation (320-400 nm) and photosynthetically active radiation, PAR (400-700 nm). Changes in growth rate and residual thymine dlmer content (a measure for DNA damage) were measured during prolonged exposure (6 to 7 d) to these conditions. Also, changes in medn cell size were studled as an Indication of UV radiation induced cell cycle arrest in Cyclotella sp. Growth rate reduction was strongly relrlted with residual thymine dimer content in treatments including wavelengths below 302 nm. Additionally, slgniflcant i n c r~a s e s in mean cell size w r r e found In these cultures. This suggests that UVB-induced residual DNA damage IS followed by ccll cycle arrest and growth rate reduction in Cyclotella sp. We discuss how these results can be interpreted in relation to changes In the solar spectrum as a result of stratospheric ozone reduction.
INTRODUCTION
Decreased stratospheric ozone concentrations result in increases in UVB radiation (UVBR: 280-320 nm) (Madronich 1995) . In contrast, ozone depletion will have virtually no effect on surface UVA radiation (UVAR: 320-400 nm). Since ozone absorbs shorter UVB wavelengths more efficiently than longer ones, ozone concentration not only determines total UVR, but also the spectral composition within the UVBR band. Progressively more of the shorter UVBR wavelengths will reach the earth's surface as stratospheric ozone is reduced. Since shorter wavelengths cause greater biological damage than longer ones (Caldwell et al. 1986) , ozone depletion causes the atmosphere to become more translucent to biologically highly active radiation.
UV radiation can penetrate well into the euphotic zone in marine waters (Smith & Baker 1979 , Gieskes & Kraay 1990 , Karentz & Lutze 1990 , Smith et al. 1992 . Thus, prlmary producers may be affected by UVR, even without ozone depletion (Worrest 1983 , Helbling et al. 1992 . UVR affects phytoplankton productivity (Worrest 1983) , growth (Jokiel & York 1984 , Behrenfeld et al. 1992 . photosynthesis (El-Sayed et al. 1990 , Cullen & Lesser 1991 , Helbling et al. 1992 , Lesser et al. 1994 . photosynthetic pigments (Worrest et al. 1978 , El-Sayed et al. 1990 ), cell size (Karentz et al. 1991 , Behrenfeld et al. 1992 , Buma et al. 1996b ), nutrient uptake (Behrenfeld et al. 1995) , amino acid synthesis (Goes et al. 1995) , orientation and motility (Hader 1993 ) Both UVAR and UVBR can cause cell death and mutatlon or other forms of DNA damage (Coohill & Deering 1969 , Karentz et al. 1991 , Buma et al. 1995 , 1996a . The mechanisms inducing DNA damage in the UVAR region of the spectrum are poorly understood. It is unlikely that UVAR IS directly absorbed by DNA.
Consequently it is assumed that there is an indirect photodynamic type of reaction involved such as radical formation (Peak & Peak 1983 ). For UVBR a direct reaction 1s conceivable, as UVBR is absorbed by DNA and proteins. A typical effect of UVBR is the dimerization of DNA thymine bases, which may cause problems in cell division, due to the interference with DNA synthesis (Britt 1995) . There are several ways in which DNA damage can be repaired, one of which is photoreactivation (reviewed by Sancar & Sancar 1988 ). This repair is known to be brought about by light with wavelengths between 330 and 450 nm (Sancar & Sancar 1988) . Little is known about synergistic or antagonistic effects of the various wavelengths, for i.nstance how they interact in the full spectrum of natural radiation (Coohill 1991) .
In order to be able to understand the impact of ozone-related increases in UVBR on marine microalgae, experimental data on the biological significance of UVBR, UVAR and photosynthetically active radiation (PAR; 400-700 nm) as well as their interactions are needed. Also, relevant UVR action spectra for biological key processes such as photosynthesis, growth or DNA damage need to be determined. Biological action spectra may serve several purposes: first of all they serve as spectral weighting functions that are used to determine whether a change in UVR is biologically significant. Secondly, application of action spectra is essential in the device of experimental UV effect stu.dies. Finally, action spectra are necessary for the assessment of the attenuation of biologically effective UVR in water, since the underwater UV spectrum is strongly influenced by physio-chemical factors. Some action spectra determined for plants have been constructed using monochromatic light (Halldal 1964 , Jones & Kok 1966 , Hashimoto et al. 1991 , Quaite et al. 1992 . The most common action spectra used to assess biological effects in relation to ozone trends are the plant action spectrum of Caldwell (1971) , derived from general damage to terrestrial plants, and the DNA action spectrum of Setlow (1974) , derived from the occurrence of photoproducts in DNA and phages.
Precise analytical action spectra are difficult to obtain when whole organisms are Investigated or when polychromatic light is used (Cooh11.1 1991). However, the application of polychromatic radiation allows the incorporation of interactions of biological responses to different wavelengths and may thereby be ecologically more relevant, even when the primary target involved in the manifestation of UV-stress cannot be determined (Rundel 1983 , Caldwell et al. 1986 , Coohill 1991 , 1992 . Additionally, there is an urgent need for specific phytoplankton action spectra focussing on relevant UVR target processes. Recently, several action spectra have been described, expressing UVR effects on phytoplankton photosynthesis (Cullen et al. 1992 , Helbling et al. 1992 , Behrenfeld et al. 1993 ) and ammonium uptake (Behrenfeld et al. 1995) .
There are important condit~ons for action spectrum construction. which are not always met (Coohill 1991) . Two of these conditions are that reciprocity between UV dose rate and UV exposure time must hold and that identical dose-response relationships should exist for each wavelength condition. If the latter is not the case, then the action spectrum will change in shape when the energy or photon fluence level of the light is modified. In an effort to construct a polychromatic action spectrum for UVR-induced growth inhibition in Cyclotella sp. we were faced with the problem of different, non-linear dose-response patterns at the various polychromatic wavelength conditions applied. Non-linear dose response relationships are found more often (Setlow et al. 1993 ) although linear relationships have also been described under polychromatic conditions (Caldwell et al. 1986 ).
In our study we applied a single energy level of PAR and UVR with varying relative amounts of UVBR and UVAR. In this way, spectral composition was the only variable in the various UV treatments. For this reason the wavelength-dependent changes for DNA damage (residual thymine dimer content), growth inhibition and cell size as presented in this study are not meant to be interpreted as action spectra. This study was merely meant to correlate wavelength-dependent changes for various parameters. Growth rate reduction was chosen because this parameter is expected to be the integrating resultant of all possible mitigating processes in phytoplankton cells, providing direct information of the impact of UVR on phytoplankton. Thymine dimer formation was chosen as an indication of DNA damage, with the aim of obtaining information on the role of DNA dimer abundance in UVBR-induced growth reduction. Since In our study polychromatic exposures were used, including UVAR and PAR, photoreactivation may have counteracted the formation of thymine dimers. Therefore the thymine dimers which were detected may be considered as the residual amount of dimers, taking into account repair processes. Additionally, data were colIected to study wavelength-related changes in cell size as a signal for UVR-mediated effects on the cell cycle.
MATERIALS AND METHODS
The diatom Cyclotella sp. was used as the test organism (MARBIOL culture collection). Cyclotella spp, are phytoplankton species commonly found in the North Sea. Cultures of Cyclotella sp. were maintained in a 14 h light (PAR):10 h dark cycle at 16 0.5OC. The culture vessels used for the experiments were rectangular, hand-made quartz cuvettes with a working volume of 600 ml [Louwers Hapert, height 11.5 cm, width 11.5 cm, depth (light path) 5.0 cm] wlth a teflon lid. Cultures were maintained in F/2 medium (Guillard 1975) using artificial sea water (34.5% salinity) based on Milli-Q water, enriched with V8 vitamin mixture, and the trace metal solutions Minor 1 and Minor 2.
An experimental system was developed for measuring polychromatic wavelength-dependent UV effects. The system was designed to hold 8 quartz cuvettes, each on a stirring rotor. Temperature was controlled by an internal cooling system. UVR lamps were placed at one side of the cultures, and photosynthetically actlve radiation (PAR) lamps at the other. UV radiation was provided by 2 Philips TL 12 (UVBR) and 2 Philips 09 N (UVAR) lamps, which had been preburned for at least 100 h prior to the experiments to ensure that lamp emissions were stable (Steeneken et al. 1995) . In order to obtain different spectral UVR conditions in the cultures, various Schott WG cut-off filters (Schott, WG series) were placed between the culture vessels and the UVR lamps. The Schott filters used were: WG 280-3mm thickness, WG 280-5mm, WG 295-2mm, WG 295-3mm, WG 295-4mm, WG 305-3mm, WG 320-3mm, WG 335-3mm, WG 345-3mm and \!VG 360-3mm. One culture that was sh~elded from the UVR lamps served as thc inoculation culture for the experimental series (no UVR). In this way each series consisted of 7 different UV-treated samples and 1 control culture Wavelength (nm) ( Fig. 1) . For all experiments identical UVR dose rates of 167.5 (pW cmyZ, 280-400 nm) were used, measured with a n Optronics spectroradiometer (model OL 752). PAR (400-700 nm) was supplied separately for each culture vessel by a halogen lamp (Sylvania, model Profession.al, 50 W, 12 V, 13", diameter 50 mm) for each cuvette. For each culture the distance of the PAR source was adjusted to give a mean intensity of 400 pm01 m-' S-', measured as incident irradiance directly behind the quartz glass surface. At this intensity photosynthesis is maximal in CycloteLla sp. Cuvettes were inoculated with CycloteLla and grown for a period of at least 3 d with PAR only. During this period cells were counted daily to obtain the reference growth rate (no UVR) for each culture. Then the cultures were exposed to UVR for 3 h in the middle of the light (PAR) period. This treatment was repeated over 6 consecutive days. Each spectral experiment was performed in triplicate. Cells were counted live in Sedgewick Rafter counting chambers at daily intervals. Per sample at least 500 cells were counted. Specific growth rates ( p ) were calculated over the non-UV period (lag phase not included) and the UVR exposure period using linear reg r e s s~o n analysis of semilog-transformed data. UVRinduced growth rate reduction was determined for each individual culture from the difference between these slopes. After the last UVR treatment, samples were taken for analysis of DNA damage and cell size.
At the end of each experiment 1 to 3 m1 samples were taken from each culture and fixed with formaldehyde. Cell size measurements were performed using a n image analysis system (Optimas, Bioscan Inc., version 4.10) connected to an Olympus IMT-2 inverted microscope with an AIS MX5 camera. The system was calibrated with an objective micrometer With a sta:ndard magnification of 300, the area (pm2) of the longitudinal section of about 140 to 540 cells was measured in each sample. The system was programmed to discriminate between background noise, non-living particles a n d Cyclotella cells. For each sample, statistical parameters of the cell longitudinal section area were determined The longitudinal cell section area was used to assess the mean cell volume. Cell volume cannot directly be calculated from the longitudinal cell section area without knowing the radius of the cells. However, diatoms grow only in the longitudinal direction during interphase, and the radius (r) only decreases very slightly with cell division. Since cell volume is 1 / 2~ r X longitudinal area, the conversion of area to cell volume is through multiplication by a constant, as long as r is fixed. Therefore in our experiments the longitudinal cell section area gives a good estimate of cell volume.
After the last UVR treatment 15 m1 ahquots of culture were fixed in 1 formaldehyde, and concentrated by centrifugation, after which pellets were frozen in liquid nitrogen and subsequently stored a.t -80°C until further processing. Thymine dimers (DNA damage) were measured according to a method described by Buma et al. (1995) . A monoclonal antibody raised against thymine dimers (H3) was used, in combination with a secondary antibody (FITC) for flow cytometric DNA damage detection (Buma et al. 1995) . Of each culture 2 estimates of the percentage of damaged cells were made and averaged. Finally triplicate series were averaged. All results were statistically tested using a single factor anal.ysis of variance (multisample test: ANOVA) followed by Scheffe F-tests to analyse sample pairs (Zar 1984) .
Successive UVR spectra as received by the cultures were subtracted from each other using the method of Rundel (1983) for action spectra construction. Optimum wavelengths of these difference spectra were chosen as the wavelength against which the measured effect was plotted. These wavelengths were: 289 nm (Schott 280-3mm), 297 nm (Schott 280-5mm), 299 nm (Schott 295-2mm), 302 nm (Schott 295-3mm), 308 nm (Schott 295-4mm), 313 nm (Schott 305-3mm), 325 nm (Schott 320-3mm), 344 nm (Schott 335-3mm), 352 nm (Schott 345-3mm), 365 nm (Schott 360-3mm).
RESULTS
Growth rate reduction was most pronounced at the lowest wavelengths (Fig. 2) were significantly different from the control (Scheffe F-test, p c 0.01). Here, growth rate reduction showed a steep increase, exhibiting strong growth inhibition (60%) at 299 nm, and complete growth inhibition accompanied by cell disintegration at the lowest UVBR wavelengths. No growth inhibition was found at the highest UVBR and UVAR wavelengths. In the UVBR and UVAR bands between 313 and 345 nm a trend towards growth stimulation was found. However, the data points did not differ significantly from the control. Wavelength-dependent changes in the average longitudinal cell section area of the cultures of the various experimental series showed a n increase towards lower wavelengths (Fig. 3) . Since in Fig. 3 a representative series is shown, the standard deviations reflect variation in cell size within the population of cells in a culture and not the variation between series. Measurements were found to be significantly different (ANOVA) and below 308 nm data points differed significantly from the control (Scheffe F-test, p < 0.01). A cell size increase of about 23% was found when the cells were irradiated with UVAR only, independent of the wavelength used. Again, towards lower UVBR wavelengths (280-300 nm) the effect increased steeply.
Wavelength-related residual thymine dimer content was studied from the flow-cytometric i.mmunofluorescence data (Fig. 4) . DNA damage seemed to be present in the culture exposed to 365 nm. Between 320 and 360 nm the signal was not significantly different from the control, whereas between 325 and 297 nm a strong increase in DNA damage was evident. Horizontal line: reference for non-UVR exposed culture Linear relationships were tested between the measured variables at a confidence level of 99% All tested variables were linearly related at this confidence level.
DISCUSSION
Since DNA absorbs wavelengths in the lower part of the UVBR band (absorption maximum at 260 nm), the steep increase in residual thymine dimer content in this region was to be expected. Overall, thymine dimer formation in the diatom Cyclotella sp. was mainly induced by wavelengths below 320 nm, as found for plants (Quaite et al. 1992) . The small shoulder in the UVAR band (365 nm; Fig. 4) was also found by Quaite et al. (1992) and corresponds also with the shoulder found in the action spectrum for skin cancer induction (de Gruijl et al. 1993) . Growth reduction was also most pronounced in the UVBR region. Therefore similarity between wavelength-dependent growth rate reduction and thymine dimer formation was high, especially in the region below 302 nm (r2 = 0.967). The overall similarity suggests that growth inhibition of Cyclotella sp, exposed to low UVBR wavelengths can be ascribed to thymine dimer formation in combination with insufficient repair. Since photorepair of thymine dimers is induced by wavelengths between 330 and 450 nm, the ratio between UVBR, UVAR and PAR determines whether damage and repair are in balance. In the light of this notion growth rate reduction in the UVBR region was caused by the unbalance between thymine dimer formation and repair. At the higher wavelengths either no thymine dimers were induced, or the UVBR/ UVAR ratio, favouring the UVAR wavelengths, caused an advantageous situation favouring repair over damage.
No growth reduction was found in the UVAR region of the spectrum. As found by others (Cullen et al. 1992 ) natural levels of UVAR may have a net damaging effect on phytoplankton photosynthesis. The UVA irradiance level applied in this study is lower than that observed at the earth's surface and may therefore explain the discrepancy between the various results.
The cell size data support earlier findings that UVBR-induced growth inhibition is caused by DNA damage and subsequent arrest of the cell cycle in the S phase (Buma et al. 1996a) . As common in most diatoms, cell division of Cyclotella sp. is not phased in a population of cells subjected to a light/dark regime. This means that the population consists of cells at various stages of the cell cycle during the light period (high standard deviations in Fig. 3) . As a Cyclotella cell moves through the G1 phase towards G2, cell size increases. When the majority of cells have arrived at the arrest point (i.e. S), they remain at the corresponding size until the damage is repaired. This will increase the mean cell size in the population As shown earlier (Buma et al. 1996b) , due to this cell cycle arrest, some structural components, such as pigments and protein, show increases per cell. This was also found in our experiments: incidental HPLC analysis of pigments showed increases in cellular chlorophylls, carotenoids and photoprotective pigments (diadinoxanthin + diatoxanthin) at the shortest UVBR wavelengths (not shown). Total dissolved protein was also higher in UVBR-exposed cultures compared to the controls.
Our data show that when lamp systems are used for biological effect studies, the use of adequate cut-off filters is essential. Any lamp-filter combination which permits transmission of wavelengths below 285 nm may cause effects (i.e. DNA damage and related effects) which are ecologically not relevant. Therefore we propose the application of Schott WG filters with number 305 or higher (Fig. 1) .
The wavelength relationships presented here should not be interpreted as biological weighting functions. However, we have related our results with the widely used DNA damage action spectrum of Setlow (1974) (Fig. 5) . To this end, all spectral conditions in the culture series were multiplied by the action spectrum of Setlow, in order to obtain the biologically weighted irradiance for each culture (Setlow, normalised at 300 nm). Next, these weighted daily doses were plotted against the measured data (Fig. 5) . Since according to Setlow's action spectrum the short UVBR wavelengths are the most effective, these wavelengths are (1985) and weighted w~t h the DNA action spectrum of Setlow (1974) and the photoinhibition action spectrum of Cullen et a1 (1992) represented by t.he highest w e~g h t e d doses in Flg. 5, whereas the UVAR wavelengths are represented by t.he lowest weighted irradiances in Fig. 5 . Although the number of data points is limited, the r e l a t~o n s h~p between growth rate reduction, residual thymine dimer content and weighted doses is acceptable. However, both relationships are nonlinear, as they tend to be steeper towards hlgher weighted doses. This nonlinear~ty may be explained by the fact that the action spectrum of Setlow was composed using monochromatic light exposures, whereas In our exper~ments damage and repair may have interacted, especially at the lower doses (low UVBR, high UVAR). Assuming that polychromatic action spectra for residual thymine dimer content and growth rate reduction show an increase in the UVBR band as steep as that of the Setlow (1974) action spectrum, then stratospheric ozone reduction will have a large relative impact on the risk of DNA damage in marine phytoplankton, and thereby for growth rate reduction, more than the effect on photoinhlbition (Cullen et al. 1992 ). This is illustrated in Fig. 6 , where for one location at the surface of the North Sea (53" N, 3" E), relative increases in biologically effective irradiance were calculated for various levels of ozone depletion. The action spectra used here are the DNA action spectrum of Setlow (1974) and the photoinhibition action spectrum of Cullen et al. (19921, whereas the irradiance spectra for the various ozone depletions scenarios were calculated according to a model of Bjorn & Murphy (1985) . Even though the absolute impact of D"\J,l damage and photoinhibit~on cannot be derived from this model-this depends on the absolute values of effectiveness in each action spectrum-the relative impact of DNA damage I S much higher than that of photoinhibition. For example, a 16% ozone reduction would bring about a 12.7% increase in unweighted UVBR, and a 19.9% and 49.3% increase in weighted irradiance weighted w t h the action spectra of respectively Cullen et al. (1992) and Setlow (1974) In conclusion, in phytoplankton populations where the conditions for the occurrence of DNA damage are favourable, even a small shift in the UVBR range of the solar spectrum towards shorter wavelengths, resulting from ozone depletion, may bring about large changes in biologically effective dose rates reaching marine waters and therefore will substantially increase the risk for organisms to be subjected to growth rate reduction or mortality as resulting from DNA damage. 
